The reductive Heck-type hydroarylation reactions of hetero-atom containing norbornene derivatives catalyzed by palladium complexes of chiral quinolinyl-oxazolines were examined and moderate to good chiral inductions and chemical yields were achieved. Using this new method N-protected epibatidine was readily synthesized.
Introduction
Epibatidine (1), a novel alkaloid, was isolated by Daly and co-workers 1 from skin of Ecuadorian frog, Epipedobates tricolor in trace amounts (less than 1 mg from 750 frogs). Because of the paucity of the natural product, the determination of its absolute stereochemistry was not investigated until 1994 by Fletcher et al. 2 , establishing it as 1R, 2R, 4S. It was found to be at least 200 times more potent than morphine in bioassays of analgesic-like effects in mice, but its effects were not blocked by the opiate receptor antagonist naloxone. 1, [3] [4] [5] Due to its outstanding pharmacological activity, unique structure, and scarcity in nature, epibatidine has been the subject of many biological [3] [4] [5] [6] [7] [8] [9] [10] [11] and synthetic studies. 12,13 The strategies reported for the synthesis of this novel alkaloid primarily focused on the synthesis of the racemic form although the optically active epibatidine can be obtained by involving an optical resolution step at an appropriate stage. 14 Recently, the direct asymmetric access to this natural compound has attracted increasing attention. In 1996, Trost 13a reported an asymmetric synthesis of (-)-epibatidine via a Pd-catalyzed desymmetrization of cis-3,6-dibenzoyloxy-2-cyclohexene and a Pd-catalyzed cross coupling. Kosugi 13b described an enantioselective procedure based on the asymmetric protonation of achiral lithium enolates derived from cyclohexanone derivatives with chiral β-hydroxy sulfoxides in 1997. Kibayashi 13e achieved the asymmetric access by using asymmetric hetero Diels-Alder cycloaddition of chiral N-acylnitroso dienophile. However, these methods lack easy adaptability for the synthesis of optically active epibatidine due to too many steps and low overall chemical yields. In 1999, Kaufmann 13g reported an enantioselective synthesis of Nprotected epibatidine via Pd-catalyzed asymmetric Heck-type hydroarylation of azabicycles with 2-chloro-5-iodopyridine using BINAP ligands. In his process the coupling reaction, the key step to control enantioselectivity, does not occur until the penultimate step of the synthesis of epibatidine. Although the chemical yield and the enantioselectivity were not high in Kaufmann's route the asymmetric hydroarylation reaction was shown to be a promising tool in the synthesis of epibatidine. It is obviously important to find a proper chiral ligand for the improvement of efficiency of catalyst in the hydroarylation reaction.
Results and Discussion
In the previous work, we have demonstrated that the chiral quinolinyl-oxazolines 2 were efficient ligands in Pd-catalyzed asymmetric Heck-type hydroarylation of norbornene and its derivatives. 15 It is of interest to study the application of this type of dinitrogen ligands in the enantioselective synthesis of epibatidine and its analogs. Moreover, many norbornene derivatives containing nitrogen or oxygen atoms were reported to have important biological activities. 9 In this paper, we would like to describe our results in the investigations on the palladium catalyzed reductive Heck-type hydroarylation of hetero-atom containing norbornene derivatives using chiral ligands 2 and the asymmetric synthesis of N-protected epibatidine as shown in Scheme 1. The hydroarylation reactions were carried out in DMSO, HCOOH was used as a hydride source and the catalysts (5 mol%) were prepared in situ from [Pd(dba) 2 ] and ligand 2a. Three types of substrate containing nitrogen or oxygen atoms were examined and the results are summarized in Table 1 . In the case of substrate 3, moderate enantioselectivities were achieved. Proton sponge and diisopropylethylamine were found to be efficient bases in the hydroarylation of 3, while triethylamine gave lower enantiomeric excess. Introduction of electron-donating groups on the phenyl ring of phenyl iodide had a very weak influence on the enantioselectivity. In the hydroarylation of 4, two isomers 7 and 8 were isolated, and compound 8 was obtained in higher ee. The reaction of 4 was quite slow and the yields of hydroarylation products were low, which could be improved by using more catalyst (10 mol%) (entry 7 vs 6). Finally, the hydroarylation of azabicyclo[2,2,1]hept-2-ene (5) was examined under the same conditions. Encouraged by the result of the reaction with phenyl iodide (65% ee in 75% yield), the hydroarylation of 5 with 2-chloro-5-iodopyridine was performed. The desired product, Nprotected epibatidine 9b, was obtained in 67% yield with 51% ee that provided one of few examples of catalytic enantioselective synthesis of epibatidine and its analogs.
The methodology outlined here on the asymmetric hydroarylation of hetero-atom containing norbornene derivatives should open a new access to epibatidine and its analogs. 
Experimental Section
General procedure for enantioselective hydroarylation reactions Under an argon atmosphere, [Pd(dba) 2 ] (0.05 mmol) and the ligand 2a (0.12 mmol) were dissolved in dry DMSO (5 ml) and stirred at 25 ˚C for 2 h. A mixture of base (3.5 mmol), formic acid (3.0 mmol), substrate (1.0 mmol) and arylating reagent (3.0 mmol) in dry DMSO (3 ml) was added rapidly in one portion. After stirring at the corresponding temperature until complete conversion of the substrate, the reaction mixture was distributed between water and ethyl acetate. The aqueous layer was extracted three times with ethyl acetate. The organic phase was washed with brine and dried over anhydrous magnesium sulfate. After evaporation of solvent, the residue was purified by flash column chromatography on silica gel to give products. 3005w, 2970w, 1740s, 1730s, 1610s, 1460m, 
